Abstract-A planar sheath-like slow-wave structure with rectangular geometry is considered for use in a traveling-wave amplifier driven by a sheet electron beam. The sheath like structure provides a low-dispersion operating mode and hence potential for broad bandwidth. However, due to the large transverse dimension of the structure multiple backward-wave modes can interact with the beam. Both the operating mode and the parasitic modes are analyzed using field theories with the planar sheath approximation. These solutions are then compared with finite element computations. Suppression of backward waves is then considered by designing the structure to preferentially absorb these waves. The results show a good control of mode competition and high-primary mode gain.
I. INTRODUCTION
S LOW-WAVE structures (SWSs) are integral components in the operation of traveling-wave tubes. The structure slows down the traveling-wave's phase velocity to approximately that of the electron beam passing through the structure. This enables interaction between the beam and the wave to be amplified [1] . A fundamental feature of SWSs is that the beam must be placed near the structure, within a distance that is a fraction of the slow-wave wavelength, to have a strong interaction with the wave. Thus, to increase beam power at fixed current density extended or multiple beams must be considered. Recent advances in technology have made available sheet electron beams with large aspect ratios, which can provide higher beam power [2] . Furthermore, recent fabrication techniques provide methods to construct novel SWSs structure at small scales to accommodate high-frequency operation. A general difficulty in developing devices using sheet beams is that the large transverse size of the interaction region gives rise to unwanted modes that interact with the beam [3] , [4] . This is particularly true, as we will show, for planar versions of helix structures. Thus, while planar versions of helix structures have been considered previously [5] - [8] , the fundamental problem posed by mode competition in large aspect ratio structures using sheet beams has not been addressed. This paper focuses on this issue. The goal is to design a structure that can provide wide bandwidth, accommodate a large aspect ratio sheet beam, and provide high gain while being immune to backward-wave instability.
Previously [9] , we reported a preliminary analysis and simulation of a sheath-like structure that can accommodate a sheet electron beam of the type generated at the Naval Research Laboratory (NRL) and used with a coupled-cavity SWS [3] , [4] . In that work, the need to suppress backward waves was identified. In this paper, we consider a modified version of the structure that includes a mechanism for selective damping of backward waves. This paper is organized as follows. Section II examines the properties of the basic structure. Section III describes the technique for selectively damping unwanted modes. Section IV summarizes the main topics and devises future directions.
II. SHEATH STRUCTURE
A cut-away view of the central portion of the structure is shown in Fig. 1 . It consists of two arrays of conducting wires backed by dielectric layers and conductors and separated by a vacuum region through which the electron beam will pass. The wire arrays have opposite pitches dz/dy = ±α on the top and bottom layers. Here, we take the z-axis to lie in the direction of the electron beam and the y-axis is in the long transverse direction. We first consider the properties of a doubly periodic portion of this structure. The example in Fig. 1 has ten periods in the y-direction and one period in z-direction. The lateral termination of the structure in the y-direction will be considered in Section III.
The field structure and dispersive properties of this configuration can be calculated approximately by replacing the periodic array of wires with an anisotropic conducting sheath that allows current to flow unimpeded in the direction of the wires and blocks the flow of current transverse to the direction of the wires. The fields in each of the three regions can be assigned common spatial wavenumbers in the z-and y-directions (k z and k y ) and the dependences of the fields on x (the short transverse direction) expressed in terms of hyperbolic trigonometric functions. Satisfying boundary conditions on the conducting surfaces and at the two sheaths then results in a transcendental dispersion relation giving frequency ω(k z , k y ) as a function of the two wavenumbers and the parameters of the structure [9] . A mathematical description of the dispersion relation can be found in the Appendix. Fig. 2 shows a numerically generated dispersion plot for this model (frequency in GHz versus k z in rad/cm) for two 0018-9383 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. values of transverse wave number (k y = 0 and 19.47 rad/cm) using the parameters listed in Table I . The dimensions of the structure are chosen to be similar to the coupled cavity SWS recently built at NRL [3] , [4] . For the purpose of these calculations we choose a material with relative dielectric constant = 2.1 and conductor pitch α = 0.362 giving a For the k y = 0 case, which is characteristic of the operating mode, three solutions propagate down to zero frequency, one having even parity (in blue) and two having odd parity (in green). The even parity mode has a longitudinal electric field (E z ) that is symmetric with respect to x (the short transverse direction), whereas the longitudinal filed for the odd parity modes is antisymmetric with respect to x. The even mode will interact strongly with the beam, and is considered to be the primary or operating mode.
Also, shown in Fig. 2 are dispersion curve for a mode with k y = 19.47 rad/cm. These also propagate to zero frequency, but at a nonzero value of k z = 53.78 rad/cm ≈ k y /α. These solutions represent modes with transverse variations that are potential competitors with the operating mode. We note that once variations in the y-direction are allowed (k y = 0) then the modes no longer have even or odd symmetry. Furthermore, these solutions tend to be localized near either the top or bottom sheath. Therefore, for example, a low-frequency mode localized near the bottom sheath has the approximate dispersion relation ω = v φ |αk z − k y |/(1 + α 2 ) 1/2 , where v φ is close to the speed of light. Localization near one of the sheaths has two consequences. First, since the mode is localized near a sheath, the fields available to interact with the beam are reduced. Second, the mode has a large group velocity (v gy = ∂ω/∂k y ) in the long transverse direction. These two effects will be used to reduce the danger of competition from these modes
The Pierce impedance [10] , characterizes the strength of the beam-wave coupling. Here, p is the longitudinal period of the structure, and the integral of the Poynting flux is carried out over the cross section. For our simple model the period in the z-direction is arbitrary, and the impedance does not depend on this value. For definiteness, we take the structure to have a long transverse length of L y = 6.452 mm to calculate the impedance. Values of impedance for the operating mode as a function of frequency are shown in Fig. 3 . Also shown are values of impedance for a competing backward-wave mode at the same frequency. For this plot, k y is varied to produce an intersection with the operating mode dispersion relation at each frequency. If we assume representative values for the beam voltage (V = 19.5 kV) and current (I = 3.5 A), the Pierce gain parameter C can be calculated. The results for the operating and competing modes are plotted also in Fig. 3(b) . To test our simple model we have used the commercial software HFSS [11] to calculate the eigenmodes modes of the doubly periodic structure shown in Fig. 1 . Master-slave boundary conditions in both longitudinal and transverse directions were applied. We specified periodic boundary conditions in the transverse direction and varied the phase advance in the longitudinal direction. The results are displayed as a sequence of points on Fig. 4 . Also, shown in Fig. 4 are solutions from the sheath model plotted for several values of k y = 2nπ/L y , confirming our prediction that parasitic backward-waves arise due to the presence of modes with variations in the long transverse direction [9] . As can be seen, the simple model agrees well with the HFSS solutions. We also note that in the HFSS calculations the conductors had a thickness of 0.04 mm, whereas in the analytical model, the thickness was taken to be zero, so the dimensions of the conducting slabs have no effect on the dispersion property of the structure. Thus, our understanding of the structure based on the simple model can be used to design a planar slow-wave device.
III. MODE SUPPRESSION
Our approach to suppression of the competing backward waves is based on the observation that in the doubly periodic structure of Fig. 1 , these waves have large group velocities in the long transverse direction, whereas the operating mode has zero group velocity in this direction. This difference will be exploited as follows. We construct a structure with a central region having one spacing (sheath height) between the two wire arrays where the beam will propagate. Connected to this region, on either side, are side tunnels with a smaller spacing (side tunnel height). At the edges of the side tunnels the conductors on the upper and lower sheaths are joined to close the current paths. The dielectric supporting the conductors is made to be more lossy than that in the beam tunnel region. The whole structure is then enclosed in a conducting rectangular waveguide. This situation is shown in Fig. 5 , where the dielectrics and conductors are shown but not the enclosing waveguide. The darkened dielectric indicates where the loss is high. The difference in sheath spacing will exclude the fields of the operating mode from the side tunnel regions. The beam and the operating mode will occupy the central region. The competing backward-wave modes, which have large group velocities in the long transverse direction, and which tend to be localized near a sheath, will freely extend into the side regions. This will act to reduce the Pierce impedance for the competing modes relative to the operating mode, because the power in the denominator of (1) is extended over a larger area for the competing modes. In addition, the higher value of loss in the dielectric in the side regions will serve to increase the attenuation of the competing modes relative to the operating modes. The dimensions and parameters of our composite structure are given in Table II. The dispersion relation for the modes of the structure in Fig. 5 is displayed in Fig. 6 . The properties of the modes are similar to those of the doubly periodic structure. Specifically, there is an operating mode, which has a relatively linear dependence of frequency on wavenumber, and can be expected to yield amplification over a broad band of frequencies. In addition, there are competing backward-wave modes that can be associated with variations of the fields in the long transverse direction. We have labeled two modes in the vicinity of 35 GHz on Fig. 6 . The mode labeled a) is an operating mode and the mode labeled b) a backward-wave competitor. The structure of the modes is shown in Fig. 7 , where we have plotted the y-dependence of the Pierce impedance K (x = 0, y) defined in (1) . It can be seen that for the operating mode a) the fields reside mainly in the central region, are relatively uniform in y, and give rise to a coupling impedance that is about 3.63 in the sheath region. For the competing mode b) the fields extend into the side region and exhibit a standing wave pattern in the central region. The average coupling impedance in the central region is 1.23 .
The extension of the parasitic mode fields into the side regions allows these modes to be preferentially damped. We have given the dark colored dielectric in Fig. 5 a loss tangent value of δ = 0.75 and adjusted the voltage value to 30.6 kV to facilitate good coupling between the beam and the primary mode. These parameters result in attenuation values for the operating mode of 0.71 dB/cm and values for the backward-wave mode of 5.97 dB/cm. These values, in conjunction with the computed coupling impedances, can be used to estimate the maximum stable length for our structure. We find, based on the analysis of [12] , that the maximum stable length is 3.8 cm. From [13] , analyzing the amplitudes of three waves corresponding to the operating mode using the length above gives a primary gain of 20 dB.
To investigate the bandwidth property of the structure, we have applied the dispersion data shown in Fig. 6 of the primary mode to our Pierce analysis and also obtained the simulated coupling impedance from HFSS. The results are plotted in Fig. 8 with blue line representing the analytical and red crosses representing the simulated impedance. This shows that the simulation results are in the range of our analysis. We then calculated and plotted the small signal gain of the structure over a wide range of frequencies in Fig. 9 . The result shows a high and steady gain from 35 to 50 GHz.
IV. CONCLUSION
We have developed a planar sheath SWS with a parasitic mode suppression mechanism and examined its properties via field analysis and HFSS simulation. The results show a SWS with effective mode control, thus giving the device the potential for a high gain and broad bandwidth. The composite structure, however, has a different dispersion property from the initial analysis, which would require further investigation. Another intriguing issue is the reflection of primary waves when the material used for mode control on the sides has a high-loss tangent (δ > 2).
The next step is to analyze the operation of the structure with an electron beam inside, including considering the space charge effect and launching loss. Further consideration regarding a better absorbing material to improve parasitic mode suppression is also desired.
APPENDIX
To derive a dispersion relation and compute the Pierce coupling impedance for the sheath model we divide the structure domain into three regions, the beam tunnel region |x| < x h , and the upper and lower regions of dielectric constant , x w > |x| > x h . Located at x = ±x h is an anisotropic conducting sheath with pitch dz/dy = ±α. We also assume that the upper and lower bounding conductors have narrowly spaced vanes at |x| = x v such that the y-component of the electric field vanishes at |x| = x w and the z-component of the electric field vanishes as |x| = x v . However, x w = x v for all results presented here. We then assume that the values of the electric field components tangent to the sheaths, E ± z,y = E z,y (±x h ), are known, and that they satisfy the requirement E ± y = ∓α E ± z . We can then solve for the fields in each of the three regions in terms of hyperbolic trigonometric functions and determine the tangential component of magnetic field on the upper and lower side of each sheath surface. For example, the y-component of the magnetic field on the upper side of the upper sheath (++) is given by
By similar analysis we can find expressions for other components of magnetic field H ±± y,z = H y,z (±x h ± 0) as linear combinations of the electric field components E ± y,z . We next compute the surface current densities flowing in each sheath,
The relationship between the surface current densities and the electric field components can then be expressed via matrix relations
and
where the elements of the admittance matrices contain sums of terms in the form of (A1) and are listed below. Finally, the dispersion relation is obtained by demanding the surface currents flow parallel to the sheath conductors when the sheath field is transverse to the conductors
Combing we obtain the dispersion relation
Once roots of (A4) are found, the corresponding column vectors E ± z can be constructed and the fields throughout the structure determined.
The Pierce impedance is computed by a variational technique. The field equations are considered for values of axial wavenumber that are perturbed slightly from the value that satisfies the dispersion relation, while the surface currents in the sheaths are considered to be fixed. Then using the adjoint properties of Maxwell's equations one can show that the power flow along the structure is given by 
